Background: Methanol dehydrogenase (MDH) is a bacterial periplasmic quinoprotein; it has pyrrolo-quinoline quinone (PQQ) as its prosthetic group, requires Ca 2+ for activity and uses cytochrome cL as its electron acceptor. Low-resolution structures of MDH have already been determined.
Introduction
Methanol dehydrogenase (MDH) is a soluble quinoprotein which oxidizes methanol to formaldehyde in the periplasm of methylotrophic bacteria growing on methane or methanol [1] . Its prosthetic group is pyrrolo-quinoline quinone (PQQ) [2, 3] , from which electrons are passed to a specific soluble cytochrome (cytochrome CL ) [4, 5] . Relatively little is known about the mechanism by which PQQ is reduced to the quinol (PQQH 2 ), but it is probable that the reaction is initiated when the substrate is attacked by an active site base. It has been proposed that the initial attack is followed by hydride transfer to the C5 carbonyl of the PQQ, or by formation of a hemiketal intermediate at the same carbon atom [2, [6] [7] [8] . Reoxidation of the quinol form of the prosthetic group is achieved by two single electron transfers to the cytochrome CL. During this process, an intermediate form of the prosthetic group is produced. This is the free-radical semiquinone form, as implied by the electron paramagnetic resonance spectrum of the enzyme as it is normally isolated [9] [10] [11] . Nothing is known at present about the route for electron transfer from the quinol to the cytochrome, although there is some evidence that a novel disulphide ring seen in the active site of our lower resolution structure of the enzyme might be involved; when the ring was broken by reduction, all interaction with the cytochrome L was lost [12] . This novel disulphide ring structure was formed from adjacent cysteines which appeared (at low resolution) to be joined by a cis peptide, as predicted by Ramachandran and colleagues [13, 14] .
The low-resolution structure of MDH [12, 15] confirmed its a 2 Y2 tetrameric structure, and indicated that the folding of the oa-chain was similar to that observed in the heavy chain of methylamine dehydrogenase, with a number of 'W'-shaped -sheets arranged radially like a propeller fold [16] . In the case of methylamine dehydrogenase, there were seven 'blades' or -sheets, corresponding to what Murzin [17] calculated to be the optimum number for such a folding arrangement; he concluded that "the [3- propeller-fold accommodates seven motifs and any additional 13-structure would not be included in the propeller domain" [17] . The demonstration that MDH has eight 13-sheet motifs in such a propeller fold clearly suggests that there must be some special structural features relating to this in MDH. This paper presents the 1.94 A structure of MDH, and provides an explanation of the stable eight-fold propeller fold' structure, together with a demonstration that the novel disulphide ring structure in the active site does not contain the predicted cis peptide bond, but an unusual non-planar trans peptide bond. Also, the structure confirms the predicted role of Ca 2 + in holding PQQ in the required configuration at the active site [11] , and indicates the structure of the predicted free-radical form of the prosthetic group. These structural features have obvious *Corresponding authors.
implications with respect to the mechanism of the enzyme and provide the background for future understanding of the path of electron transfer in this protein.
Results and discussion
MDH from the pink facultative methylotroph Methylobacterium extorquens was crystallized in two distinct forms as described previously [18] . The three-dimensional structure was solved at 1.94 A for the triclinic crystals by molecular replacement using the 3 A model obtained from the orthorhombic crystals. The electron-density map was interpreted with the known sequences of the two subunits [19, 20] followed by crystallographic refinement. The R-factor was 19.85% for all data (86 729 reflections) with a free R-factor of 22.93% (4621 reflections). The model showed good stereochemistry; bond lengths and angles have a root mean square (rms) deviation from the standard values of 0.008 A and 1.590, respectively.
Overall structure
The final electron-density maps at 1.94 A resolution show the complete polypeptide chain of the a-and Psubunits without breaks but lacking the C-terminal four residues of the -chain and the last residue of the ,-chain (Fig. 1) . The amino acid sequences of the two chains [19, 20] are confirmed by the electron-density maps. These also confirm the presence of one PQQ in the semiquinone form and one Ca 2 + ion in each oat3
unit. The overall structure of the a 2 13 2 tetramer is shown in Fig. 2 . The tetramer has the shape of a very shallow 'V' with dimensions of 55 Ax55 Ax110 A. The large ot-subunits are of a nearly spherical pear shape with a diameter of -55 A, while the much smaller P-chains have an extended structure lying across the surface of the (-subunits. The two a-subunits interact across a large planar interface. Each P-chain interacts with its oa-subunit over its entire length, but makes no contact with the symmetry-related aot unit.
Structure of the a-subunit
The overall fold of the a-subunit is a superbarrel (using the nomenclature of Branden and Tooze [21] ) composed of eight antiparallel four-stranded B-sheet motifs; these W motifs are stacked radially around a pseudo eight-fold symmetry axis running through the centre of the subunit (Figs 1 and 3 ). This structure has also been referred to as a propeller fold, each W motif representing a 'propeller blade' [17] . Homologous structures with six, seven and The ap unit of MDH looking down the pseudo eight-fold axis, simplified to show only the p-strands of the eight 'W' motifs of the a-chain, and the long a-helix of the -chain, but excluding other limited p-structures and short a-helices. The termini of the a-chain are marked N and C and the those of the p chain n and c. In the a-chain the colour changes from blue to red as one goes from the N to the C terminus while the P-chain is shown in uniform blue. The outer strand of each W motif is the D strand, the inner strand being the A strand. The W motifs are arranged in this view in an anticlockwise manner.
Residue 82 marks the start of the D strand of W1; residue 141 marks the start of the D strand of W2 (and so on), residue 502 marking the start of the D strand of W7. The exceptional motif, W8, is made up of strands A-C near the C terminus plus its D strand (ending at residue 48) from near the N terminus.
The PQQ prosthetic group is in skeletal form with oxygen atoms in red. The calcium ion is shown in yellow. tetrameric MDH looking down the molecular symmetry axis. The a-chains are shown in red and lilac and the 13-chains in green and turquoise. The PQQ is shown as yellow circles and the calcium ions as blue circles.
eight of these blades have been described. The neuraminidase from influenza virus has six blades [22] , as has bacterial sialidase [23] . The copper-containing galactose oxidase [24] and the bacterial methylamine dehydrogenase [25] which contain TTQ (tryptophan tryptophylquinone) instead of PQQ, both have seven blades. Proteins with eight blades include methanol dehydrogenases from both M. extorquens [8, 12, 26] and Methylophilus species [15, 27] , and nitrite reductase (V Fil6p, personal communication).
The 32 -strands that make up the superbarrel structure in MDH are labelled according to the 'W' motif in which they occur (1) (2) (3) (4) (5) (6) (7) (8) and the position they take within the motif (strands A-D), strand A being closest to the pseudo eight-fold axis, with strand D on the surface of the subunit (Fig. 1) . Using this nomenclature, the sequence of strands in the structure is the same as in the amino acid sequence (this is also seen in other superbarrel structures), with the sole exception of the final strand of the eighth motif (D8) which is derived from the N terminus, not the C terminus. This places sequences close to the C and N termini in strands C8 and D8 respectively, where they participate in the formation of a number of antiparallel 13-type hydrogen bonds. A similar pattern is seen in this region with neuraminidases and galactose oxidase, but not with methylamine dehydrogenase or nitrite reductase.
The conventional description of a superbarrel as being composed of four-stranded up-and-down -sheet 'W' motifs needs some qualification when applied to the motifs in MDH. The major deviation from the ideal is in strand A which, while running more or less antiparallel to strand B, makes only three -type hydrogen-bond interactions with it, all of which are close to the A-B strand turn (Fig. 3) . Over most of its path, strand A is too far from strand B, and its peptide planes are in the wrong orientation for hydrogen-bond interactions with it. No other specific interactions seem to replace the missing A-B bonds, and it seems more likely that the conformations of the A strands are controlled by the close packing of side-chains around and across the pseudo eight-fold symmetry axis to fill the space in the very centre of the molecule. Near the centre of the a-subunit, all eight strands come close together, and since five of these eight strands at the point of contact are glycines, close-packing is facilitated. The remaining B, C and D strands in each motif form a regular twisted -sheet across sequences eight to nine residues in length. In all motifs, the A-B and C-D corners are short and economical, but the B-C corners are more variable in length, forming extensions containing 24-30 residues in the cases of motifs 4, 6 and 8.
The a-chain contains a total of three cis peptide bonds, stabilized by a ring of proline side chains (residues 72, 264 and 387). Pro72 is located in a very tight corner between the 13-strands B1 and C1, Pro264 is in a longer loop between 3-strands B4 and C4, while Pro387 is next to Cys386, which forms a normal intra-chain disulphide bridge with Cys415. A fourth unusual peptide bond is the non-planar trans peptide bond between adjacent cysteines in the active site (see below).
The tryptophan docking motif in the a-subunit
A novel type of interaction occurs in the a-subunit through a consensus sequence of 11 residues, as shown in Fig. 4 , in the C-D region of all W motifs except number 8. This gives rise to a common structure that can functionally be described as a tryptophan docking motif ( occur in motifs W1 and W7. In W1 the glycine at position 7 is replaced in the stacking interaction by proline at position 6; in W7 residue 1 (Ala498) does not form the expected interaction with Trp508.
The tryptophan docking motif recognizes the major characteristics of the tryptophan residue: its planar conjugated ring, and its ability to act as a hydrogen-bond donor through its ring NH group. It is interesting to note that the two exceptions to tryptophan in position 11 (Ser347 and Phe292) can only be involved in one of these two types of interaction, either stacking interactions or hydrogen bonds. Ser347 in W5 only makes a hydrogen bond with the peptide carbonyl of residue 4 in motif W6. In the other exception, Phe292 in W4 makes only stacking interactions, with the usual glycine peptide bond of W5 on one side, and a second glycine peptide bond in position 1 of W4.
Motif W8 is exceptional in having no consensus sequence (except for Trp44), and no C-D 'corner' because it comprises separate strands from the N-terminal and the Cterminal regions ( Fig. 1 ). In this case there is an alternative docking motif involving only the D8 strand, which has no glycine to interact with the tryptophan in the previous motif. In its place there is a hydrophobic interaction between Trp508 and the side chain of Leu40. The carbonyl of this leucine (at position 7) also replaces the usual carbonyl at position 4 when forming a hydrogen bond with the tryptophan indole NH group.
Plotting the positions of the tryptophan docking motifs on the a-chain shows that they make a planar, stabilizing girdle of interactions around the periphery of the a-subunit ( Fig. 6 ) in which the glycine peptide at one end of a reference motif interacts with the tryptophan in the previous Consensus sequences are also included for the quinohaemoprotein alcohol dehydrogenase (ADH) and glucose dehydrogenase (GDH), which is a membrane quinoprotein [47] . 
motif, and the tryptophan at the other end of the reference motif interacts with the glycine peptide of the succeeding motif (Fig. 5) . The interactions around motifs W7 and W8 are augmented by further interactions at the a-r interface. The presence of the 11-residue consensus sequence can most readily be explained if these motifs were derived by divergent evolution from an ancestral W motif containing such a sequence in its C-D corner. This observation contributes further data for the discussion of the evolution of superbarrel proteins [28] . We have not observed a similar tryptophan docking motif in the superbarrel proteins galactose oxidase and methyl-amine dehydrogenase. By contrast, the PQQ-containing dehydrogenases for glucose (GDH) and alcohol (ADH) show the greatest similarity to MDH in the sequences which form W motifs. In particular, they have a tryptophan docking motif at the C-D corners that is almost identical to that of MDH (Fig. 5 ) except that GDH and ADH contain lysine instead of asparagine or glutamate (Fig. 4) . This is further evidence that these PQQ-containing quinoproteins have essentially similar overall structures to MDH.
Structure of the P-subunit
The three-dimensional form of the 74 residue 13-chain of MDH ( Figs. 1 and 2 ) is most unusual in that it contains only local folds that form a very extended structure containing no hydrophobic core. The N-terminal 30 residues, which include one intra-chain disulphide bridge (Cys6-Cysl2) and a proline-rich segment (residues [14] [15] [16] [17] [18] [19] [20] , folded into a series of open turns. The 54 residues at the C-terminal end, which are rich in charged amino acids, are mostly located in a single straight a-helix of 30 residues in seven turns, followed by a C-terminal segment folded back on the helix (Fig. 1) . Overall, the 3-chain forms a planar 'J'-shaped unit, with the long oa-helix as its stem, which hooks over the globular oa-subunit. The 3-chain cannot be separated from the oa-chain without denaturation, but it seems probable that the three-dimensional structure of the 13-chain is determined, to a considerable extent, by its interaction with the a-chain. The 13-chain does not participate in the active site of MDH, and in the absence of evidence of any other functional role, it is possible that the threedimensional structure acts to stabilize the folded form of the large a-chain. However, the lack of evidence for ,3-subunits in other PQQ-containing quinoproteins, perhaps indicates a more specific (unknown) role for this unusual subunit.
Subunit interactions
The a-subunits contact one another in the region containing the D-strands of the seventh and eighth 'W' motifs. These D-strands do not, however, form antiparallel hydrogen-bond interactions with their symmetry Fig. 5 . A stereo drawing of the structural motif between the strands C and D of a typical W unit which contains the 11-residue consensus sequence described in Fig. 4 . The docking of this motif with the tryptophan (residue 88) at position 11 at the previous W unit can be seen in the extreme left. The equivalent tryptophan (residue 145) in the reference motif, which interacts with the succeeding W, is at the extreme right. equivalents, as observed with the nitrite reductase dimer (V Fiiulp, personal communication). Instead, the or-chains interact over a large planar interface containing many hydrophobic and hydrophilic side-chain interactions. These interactions are augmented by the 10 residues C-terminal to the -chains which form an extension that associates with the symmetry-related subunit, again through hydrophobic and hydrophilic interactions. The J-shaped 13-chain runs across the surface of the much larger ot-subunit and makes contact along its entire length. The 13-chain is neither buried in the surface of the a-chain (Figs 1 and 2 ) nor associated so as to extend any of the ot-chain structures. Although some hydrophobic interactions occur between the -and 3-subunits, ionpair interactions seem to predominate, an observation that may be related to the fact that 39% of the P-chain residues are charged. The ,-chain makes contact with the edges of the W1-W4 motifs of the ao-chain with ionpair interactions involving Glu148, Glu193, Argl97, Lys236, Glu267 and Glu301 of the ot-chain, and Lysl6, Glu48, Arg50, Arg54 and Lys59 of the 3-chain.
The active site
The active site of MDH is located in an internal chamber entirely within each -subunit. It is located approximately on the pseudo eight-fold symmetry axis, at the end of the superbarrel structure which contains the loops between the B and C strands of motifs W6 and W8. These fold over the end of the superbarrel to enclose the active-site chamber (Fig. 1) . Surface-accessible residues in these folds form a funnel-shaped depression in the surface of the ot-subunit. A remarkable feature of the 'funnel' is that its residues are almost exclusively hydrophobic (surface residues in bold type):
100-AVACCDL;420-PFMLP;430-FFV; 540-WPGVGLVFDLADPTAGL At the base of the funnel is the narrow entrance to the active-site chamber in which are located the non-covalently bound PQQ prosthetic group, a bound Ca 2 + , the CyslO3-Cys10O4 disulphide bridge and a potential base Asp303, in addition to a number of bound water molecules. There is no indication from structural studies of any obvious involvement of the P-chain, or the symmetry-related ap-unit in the active site. However, we know little of the structural requirements of electron transfer to cytochrome CL, except that ionic interactions between lysyl residues on the or-chain and carboxylates on the cytochrome cL are involved in the 'docking' process [29] .
The novel disulphide ring structure
Methanol dehydrogenase is the first active enzyme whose X-ray structure indicates formation of a disulphide bridge between two adjacent cysteine residues, a structure requiring considerable distortion for its formation. Both cis -and non-planar configurations of the linking peptide have been proposed from energy considerations [13, 14] . Although only the cis-peptide distortion has been observed in the X-ray structure of Cys-Cys dipeptides in which the disulphide link is present [30, 31] , it is possible that the trans isomer might have been present but lost in the crystallization process. Furthermore, an NMR study of a heptapeptide containing adjacent cysteines showed that up to 30% of the sample contained a trans peptide bond [32] . The electron density around CyslO3 and Cysl04 in MDH from M. extorquens in a multiple isomorphous replacement (MIR) map at 3 A resolution [12] was satisfactorily fitted by the structure of cyclo-Lcystine [31] , which has a planar cis-peptide link. However, the greater resolution of the present fully refined electron-density map at 1.94 A, in which the electron density around the bridge has been generated from structure factors that exclude the atoms of residues 103 and 104, shows clearly that the linking peptide has a trans configuration, and that the distortion is in fact taken up in a non-planar configuration of this peptide (Fig. 7) .
Because the Cys103-CyslO4 disulphide bridge has a non-standard structure, we made a best fit of the atoms to the electron density. The two sulphur atoms were resolved from one another at high electron-density values. These and the other atoms of the eight-membered ring were fitted using the program 'O' [33] (Fig. 7) . It can be seen that the electron density indicates a non-planar configuration for the linking peptide group. The non-planarity was taken up entirely in the model at the carbonyl carbon, as suggested by the electron density. The fit shown in Fig. 7 has an o of 1450, giving a distortion from planarity of 35°. None of the bond lengths and other bond angles in the novel eight-membered disulphide ring could be distinguished from their standard values in the observed electron density. Thus, on the basis of the current 1.94 A electron-density map, the Fig. 7 . A stereo drawing of the electron density around the Cys103-Cys104 disulphide bridge and the interpretation of the feature with a non-planar linking peptide bond, giving a novel eightmembered ring structure.
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only distortion observed in the disulphide ring is the deviation from planarity by 350 in the linking peptide bond. This demonstrates that the distortion in the polypeptide chain within the disulphide ring structure is of a different nature from that observed in the isolated model Cys-Cys dipeptides.
The interactions of PQQ and Ca
2 + in the active site The interactions of the PQQ with MDH (see Figs 8 and 9) can be best described in terms of two non-polar interactions with either side of the PQQ ring system (the axial interactions), and a number of polar and ionic interactions with the substituent groups (carboxyl and quinones), of the PQQ prosthetic group (the equatorial interactions). The PQQ ring is sandwiched between the indole ring of Trp243, which is within 15°of coplanarity with the PQQ ring and in contact with it, and the two sulphur atoms of the disulphide bridge whose separation from the PQQ ring atoms of 3.75 A also indicates an interaction. A considerable number of amino acid residues are involved in the equatorial interactions which involve the substituent groups of the PQQ ring system. These interactions are exclusively hydrogen bond and ion-pair interactions, involving residues mostly on the A strands of the W motifs. These include Glu55, Argl09, Thr159, Ser174, Thr 241, Arg331, Asn394 and Trp476 as shown in Fig. 8 . Of particular interest are the interactions of the C4 and C5 oxygen atoms; the electron density-maps show that whereas the C5 oxygen is in the plane of the PQQ ring system, the C4 oxygen is out of the plane by about 400, consistent with the semiquinone state of PQQ [9, 11] . Both C4 and C5 oxygens are hydrogen bonded by the NH 1 and NH 2 atoms respectively of Arg331, and in addition the C4 oxygen makes a longer hydrogen-bond interaction with the amide NH 2 of Asn394 whose amide CO is hydrogen-bonded to its own main-chain NH group. The bonding of the C4 and C5 oxygen atoms is likely to be maintained in the fully oxidized quinone and fully reduced quinol forms of the prosthetic group. Arg331 also makes hydrogen bonds between its NH 2 and the carboxylate and main-chain carbonyl of Asp303. The two side chains lie side by side, permitting free access to the carboxyl group of Asp303, which is the most likely candidate for the base required by some catalytic mechanisms previously proposed for MDH [2, 8] . The coordination sphere of the calcium ion in the active site contains both protein and PQQ atoms (Fig. 9) . The protein atoms include both oxygens from the carboxylate of Glu177 and the amide oxygen of Asn261. The PQQ atoms include the C5 quinone oxygen, one oxygen of the C7 carboxylate and, surprisingly, the N6 ring atom which is only 2.45 A from the metal ion. The five oxygen ligands have distances from the metal of 2.4-2.8 A. There are two water molecules near the Ca 2+ in the active site; one is bound by six hydrogen bonds to protein groups and is 3.76 A from the calcium, while the other water is bound to the carboxylate group of Asp303 and is 3.3 A from the calcium. Neither of these waters is a primary calcium ligand.
The mechanism of MDH
The interaction between the Ca 2 + and the C5 quinone group is of particular interest, because the C5 oxygen has been demonstrated to be very reactive towards nucleophiles, a property that may suggest C5 to be the site of a covalent PQQ-substrate complex [1, 3, 34, 35] (for Fig. 9 . A stereo drawing of the active site of MDH centred on the likely substrate binding site. The PQQ, sandwiched between Trp243 and the novel ring structure formed by the Cys103-Cys104 disulphide bridge, can be seen at the top left. The Ca 2+ is shown as a yellow sphere ligated by the 05, N6 and 07 of PQQ, and the side chains of Glul 77 and Asn261. We suggest that the proposed 'essential' base is Asp303 which is shown at centre right. This active-site region is similar to that seen in the lower resolution structure of MDH from Methylophilus W3A1 [27] . reviews see [2, 8] ). Asp303 is very close to the C5, where it could act as a base, initiating the reaction by abstracting a proton from the alcohol substrate. In this mechanism, the Ca 2+ ion could act as a Lewis acid providing the electrophilic C5 for attack by an oxyanion or hydride through its coordination with the C5 carboxyl oxygen. In this way, the calcium could play a dual role in structure and catalysis, as suggested for example, in phospholipase A2 [36] . The mediation of the disulphide bridge in the transfer of electrons from the reduced form of PQQ to cytochrome L has been suggested earlier [12, 26] , but an alternative or additional role of the disulphide ring might be the protection or stabilization of the free-radical semiquinone form of the prosthetic group demonstrated here. Further work on substrate interactions and reduced and oxidized forms of MDH is required, but the activesite features described here are satisfyingly close to those expected from mechanistic proposals for quinoprotein dehydrogenation and electron transfer.
Biological implications
By analogy with flavins and flavoproteins, the term quinoprotein was first coined in -1980 to include proteins containing pyrroloquinoline quinone (PQQ). Quinoprotein dehydrogenases share with flavoproteins the fascinating problem of transferring electrons through, and between, proteins. Methanol dehydrogenase (MDH) was the first PQQ-containing dehydrogenase to have its structure determined, the high-resolution structure presented here being an essential step in understanding both the electron transfer process and the basic mechanism of action of quinoprotein dehydrogenases. Understanding will, however, be complicated by the fact that the electron_acceptor for MDH is cytochrome cL, whereas the electron acceptor for the alcohol dehydrogenase of acetic acid bacteria which is haem C, present on a separate domain of its heavy chain, and the electron acceptor for the membrane glucose dehydrogenase is ubiquinone.
A number of features seen in our high-resolution structure are of general interest in the study of the quinoprotein dehydrogenases. The novel tryptophan docking site that stabilizes the eight-fold symmetry of the 'propeller fold' in the oa-subunit is also likely to be a feature of the dehydrogenases for alcohol and glucose, as indicated by the extent of sequence similarity in these regions. These proteins are all Ca 2 +-dependent and the conservation of amino acids to which Ca 2 + is coordinated in MDH indicates similar active sites. The adjacent cysteines of the novel disulphide ring are also present in alcohol dehydrogenase, but not in glucose dehydrogenase suggesting that this structure does not have a role in electron transfer from the reduced quinol form of the prosthetic group to the membrane ubiquinone. That reaction is a two-electron transfer and so an alternative role of the disulphide ring might be to stabilize the non-planar semiquinone form of the PQQ seen in MDH but which is not necessary in glucose dehydrogenase.
Materials and methods
Crystallization MDH from M. extorquens was purified and crystallized as described previously [18] . The enzyme crystallized predominantly in an orthorhombic form. These crystals diffracted very well, beyond 1.9 A in synchrotron radiation and to 2.5 A in the in-house Rigaku RU200 generator. They were readily grown but suffered severely from twinning; single crystals of suitable size rarely grew. Under very similar crystallization conditions, sometimes in the same drop, another type of crystal could be grown; these belonged to the triclinic class and diffracted beyond 2 A in the in-house X-ray generator.
Orthorhombic crystals
Data collection and structure determination: The structure was solved by the MIR method using orthorhombic crystals. These belonged to the space group P2,2 1 2 1 and the unit cell parameters were a=66.8 A, b=108.9 A, c=189.2 A, with one ot2 2 tetramer in the asymmetric unit. Collection of native data (2.5 A) and the initial screening for suitable heavy-atom derivatives were done in the in-house Siemens/Xentronics multiwire area detector [37, 38] . The derivative data sets (5.5 A) produced interpretable Patterson maps and the main binding sites of the heavy-atoms were easily identified, and heavy-atom difference Fourier maps showed the rest of the heavy-atom binding sites. However, the phasing power of the individual derivatives was small ( Table 1) . The low resolution map showed that the molecule was composed of two compact units related by a two-fold crystallographic symmetry axis which was determined from the heavy-atom binding sites which occurred in pairs [18] .
In the next stage, native and derivative data were collected using the in-house MAR-research imaging plate detector mounted on a Rigaku RU200 generator. The crystals diffracted well beyond 2.5 A but the data were limited to 3.0 A by the lack of resolution of spots along the long c-axis. The oscillation range of one image was typically 0.750 and data were collected for >900 while the crystals were rotated approximately about the shortest a-axis, the needle axis of the crystals. The data were autoindexed [39] using programs IMSTILLS and REFIX from the CCP4 program package [SERC (UK) Collaborative Computing Project no. 4, Daresbury Laboratory, UK, 1979] and then processed by DENZO and SCALEPACK [40] . Refinement of heavy-atom positions and phasing were done by MLPHARE [41] from the 12 heavy-atom binding sites and using all the data between 20-3 A. The average figure of merit considering all reflections was 0.47. Phases were improved by solvent flattening [42] and symmetry-averaging by using GAP Grimes and DI Stuart, unpublished program) and O [33] in combination with CCP4 programs of Fourier calculation and phase combination. Maps were calculated at 3.0 A resolution using these improved phases and were used to build the model of the molecule. This was done initially by putting markers along the continuous trace of density on a stack map on transparencies and then using these markers to build the backbone of the molecule on an Evans and Sutherland ESV workstation using the interactive graphics program FRODO [43] and O [33] . About 75% of the residues on the oa-chain could then be identified and fitted at this stage using the sequences of the oa-and 3-subunits [19, 20] . The prosthetic group was located at the centre of the at-subunit in the flat area of density not connected to the protein chain and just large enough to accommodate PQQ. Close to this, the Ca 2+ was identified in another isolated piece of density in an appropriate environment. The unusual disulphide bridge between residues CyslO3-Cys10O4 was also seen in this same region close to the prosthetic group. The density was poor in certain regions of the map, such as the regions, near the termini, and in one of the extended long loops, which was therefore built as a polyalanine chain. The residues at the termini were not included in the first stage of refinement. For the 3-chain, the long helix at the C terminus and part of the N terminus were built but there was no density connecting the two ends.
Refinement: This initial model was refined using X-PLOR [44] which consisted of positional refinement followed by simulated annealing, where the temperature of the system was increased to 4000 K, then allowed to cool down to 300 K in 50 K decrements using time steps of 0.5 fsec at each temperature. All 27 983 reflections in the resolution range 8-3 A were included. Non-crystallographic symmetry restraint was maintained throughout the refinement. The process of refinement was monitored by calculating Rfree [45] for a subset of 5% of the data. This model was then manually rebuilt, about 94% of the residues then being included. This was subject to another round of positional refinement and simulated annealing, followed by B-factor refinement. The R-factor at this stage was 32.4% (26 571 reflections) while Rfree was 40.8% (1412 reflections). The model could not be improved any further on the basis of this 3 A map. It was used as a search model to solve the structure in the triclinic cell by molecular replacement. 4 40 and the unit cell contained one a 2 P 2 tetrameric molecule. Native X-ray data of the triclinic crystals were collected using the in-house MAR-research imaging plate. The triclinic crystals, like the orthorhombic ones, diffracted very well, and the smaller cell dimension allowed the data to be collected up to 1.94 A. A cross-rotation function was calculated by the real-space Patterson search method as employed in X-PLOR. Reflections between 15-4 A were used and the search model was placed in an orthogonal cell of triclinic symmetry of dimensions a=b=c=220 A. All
Triclinic crystals
Patterson vectors of length 10-60 A were examined. The solution was unambiguous and appeared as the highest peak over a wide range of search. A translation was not necessary as the space group symmetry of the structure solved was P1.
Refinement: This model was subjected to rigid-body refinement including all 90 046 reflections in the resolution range 8 A-1.94 A. The initial R-value was 46.1%. The model was fitted in the electron-density map using the program O. The map was of excellent quality. It was possible to build the missing regions which were either left out, or included as polyalanines, in the previous models by correctly identifying the residues. Repeated cycles of refinement followed by manual fitting of the model into the electron density maps were carried out. Throughout the refinement a restraint on non-crystallographic symmetry was maintained between the two acl units and the free R-factor was calculated with 5% (4502 reflections) of the data. After the R-value dropped below 25%, water molecules were placed in the Fo-F c peaks above 3 and at chemically acceptable sites using WATERADD (S Knight, unpublished program) and after visual verification on the F-F c map. These water molecules were added in successive steps and were included in the subsequent refinement cycles. The final model consists of 595 residues of the a-chain and 73 of the -chain; the extreme ends (C termini) of neither chain could be placed (10 out of a total of 1336 residues in the oa 2 1 2 tetramer). Bulk solvent correction was applied so that the low resolution A) data could be incorporated in the refinement. The R-factor of 19.85% was attained for 10412 protein atoms and 638 water molecules considering all reflections in the range 10-1.94 A (Table 2 ). The stereochemistry of the model was good, the rms deviation from identity being 0.008 A for bond distances and 1.596°for bond angles, considering all the 91359 reflections in the range 10-1.94 A. A Ramachandran analysis of the IFH[ are observed and calculated heavy-atom structure-factor amplitudes. IFHI/ E = phasing power, E is the residual lack of closure error. Average B-value for two cs13 units.
main-chain conformation shows that 88% of the residues are in the most favoured region, while six non-glycine residues in the whole ot2, 2 tetramer are in the disallowed region as defined in PROCHECK [46] . The residues in the disallowed zone were all found to be in very good density.
Atomic coordinates are being deposited with the Brookhaven Protein Data Bank.
